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Introduction
Body armour for the military is designed to provide protection from the impact of high velocity projectiles such as bullets or bombshell fragments. High performance fibres such as aramid (e.g. Kevlar ® and Twaron ® ), and ultra high molecular weight polyethylene (e.g. Spectra ® and Dyneema ® ) have been used for engineering soft ballistic body armours [1] . These high strength, high modulus, high tenacity fibres have resulted in significant improvements in the performance of body armours against ballistic threats [2] . However, it seems that not sufficient attention was paid to the engineering of ballistic body armour for the anti-stabbing performance, which is obviously a serious concern for the body armour users. Anti-terrorist actions and regional conflicts necessitate the further development of protective and flexible armour systems with additional stab-resistant capabilities. Stab threats encountered by the body armour users include direct attacks from knives and sharpened instruments, as well as physical contact with debris, broken glass, and razor wire. The demand for improved protection against stabbing has also been motivated by civilian police forces, particularly in Europe, where restrictions on gun ownership have led to an increase in the proportion of assaults which are committed with knives [3] .
and stabbing impacts represents a meaningful effort. The major difficulty in improving stabbing resistance of ballistic body armour is that the stabbing resistance mechanisms differ from that for ballistic protection, because of the different impact velocities and different sharpness of the impactors [3, 5] . Compared with ballistic impact, stabbing impact is more likely to cause stress concentration because of the sharp point and cutting edge of the impactor in the stabbing situation, whilst the material failure against ballistic impact is mostly caused by shear and tensile loading at high strain rate. In most cases, the stabbing impact velocity is in the range of 1 to 20 m/s, whereas that for ballistic impact 200 to 1,000 m/s.
Much effort was to improve the stab resistance of ballistic fabrics. Thermal-sprayed hard ceramic coatings were applied to aramid fabrics to enhance stabbing protection [6] . The resulted material demonstrated increased energy absorption during the quasi-static stabbing test, but also added to fabric weight significantly the same time. Aramid fabrics with high yarn count were also developed to provide stabbing (puncture) resistance. However, these high yarn count fabrics were expensive to manufacture and typically resulted in decreases in ballistic protection efficiency of the fabrics [7] . One of approaches to enhance the stabbing resistance is to roughen the surface of fibres or yarns by sanding or corona treatment to achieve higher coefficient of friction. However, such roughening is believed to have limited utility due to the resultant degradation in the fibre [8] .
Shear thickening fluid (STF) has attracted attention for impact protection due to its unique viscosity variation subject to impact. STF is a non-Newtonian fluid and shear thickening behaviour is triggered by sudden increase of shear rate to the STF, which causes the colloidal dispersions to be concentrated exhibiting abrupt increase in viscosity. This transforms a liquid dispersion into a solid-like material state [9] [10] [11] . Barnes [9] and Brown [12] reported that the shear thickening behaviour of an STF is influenced by many factor factors including the particle size and size distribution, particle shape, polydispersity of the particles, particle concentration, and interactions among particles, as well as the properties of the dispersion medium. The shear rate triggering shear thickening transition is referred to as the critical shear rate, which can be determined by using experimental and theoretical methods. Van der Werff and De Kruif [13] studied the methods to manipulate the critical shear rate and the viscosity increase of STF, and confirmed that lower critical shear rate and amplified severity shear thickening viscosity of STFs can be achieved by using larger particle size and higher particle volume fraction.
Work has been done to investigate impact properties of fabrics impregnated with STFs. It has been reported that STF enhanced fabrics were able to take advantages of STF properties for the enhancement of ballistic performance and stabbing resistance [14] [15] [16] [17] . Work on ballistic and stabbing performance of body armour showed that improved impact resistance of STFimpregnated fabrics could be attributed to the shear thickening behaviour [18] [19] . The deformation and energy absorption modes of STF impregnated and untreated Kevlar ® woven fabrics upon impact was analysed by Majumdar et al. [20] , and they reported that in the untreated Kevlar ® fabrics, only the primary yarns, directly engaged by the impactor, participated the load sharing and energy absorption, leading to low energy absorption. In case of STF impregnated fabrics, the STF was transformed into a solid-like material upon impact and the transformed STF acts like a bridging matrix that converted the network of yarns in the fabric into a single structure. In this case, the entire fabric rather than only the primary yarns participated in load bearing and energy absorption. The failure of the STF impregnated structure is by rupture of fibres and yarns rather than their slippage. Some other studies showed that the enhancement of impact resistance was due to higher inter-yarn friction in the fabric brought by STF with constraining the pull-out of yarns [18, [21] [22] [23] .
It seems to be clear that STF is able to enhance the performance of the panels against low velocity impact such as stabbing, but the STF impregnation would definitely add weight to the panel. The research described in this paper aimed to investigate the feasibility of lightweight armour panels impregnated with STF. STFs with different constructional parameters were studied for impact behaviour and STF impregnated fabrics and panels were evaluated based on practical experiments for stabbing protection with respect to the areal density of the panels. Figure 1 . Because of the structural differences, para-aramid fibres demonstrate higher mechanical properties than the meta-aramid fibres. In this research, a Twaron ® filament yarn was used for producing the plain woven fabric, and the fabric specifications are described in Table 1 . It is necessary to mention that the thread density 8 picks/cm was the optimal results from previous studies with the given yarn count, leading to best ballistic performance [24] .
Materials and Experiments

Preparation of shear thickening fluids
The STF colloidal dispersions employed in this research were made from silica nanoparticles and PEG (Polyethylene Glycol). In order to explore the performance of shear thickening fluid upon shear load, different particle sizes and different particle weight fractions (concentrations) were taken into consideration during the STF preparation.
Two different silica nanoparticle sizes (650nm and 12nm), supplied by Sigma-Aldrich (Germany), were used in STF preparation. The specific density of the nanoparticles is 36.8kg/m 3 at 25°C. For both 12nm and 650nm particles, three silica weight fractions, 20%, 25% and 30%, were used in making the STFs. 30% particle weight fraction was the maximum concentration that was able to achieve for the 12nm silica STF because of the higher free surface energy of the 12nm silica particles. The same particle weight fractions were adopted for making STFs from the 650nm silica particles for comparison purposes. A previous research [13] on critical shear rate showed that high silica particle fraction led to lower critical shear rate and greater increase of shear thickening viscosity, and vice versa.
The STFs were synthesised by intensive mixing of silica nanoparticles in polyethylene glycol (PEG). PEG was chosen as a solvent due to its non-toxicity, low volatility, thermal stability and its ability to form hydrogen bond with the aramid fibres [25] . PEG can be made to have different molecular weight, such as PEG200, PEG400 and PEG600. Park et al. [22] found the molecular weight of PEG would not affect the STF performance significantly, and accordingly only PEG200 was chosen for the current research for the investigation into the nanoparticle size and particle weight fraction. Additionally, PEG200 has the lowest viscosity and is easier for production of STFs. The volume density of PEG200 is 1.127g/cm 3 [26].
A high speed homogenizer (Silverson L4R homogenizer emulsifier) was used with the speed of 6000 rpm to stir the solution while adding silica powder into the PEG so as to achieve even distribution of particles in the STFs. Ultrasonic wave vibration also was used to improve STF quality. The STFs were placed in a vacuum chamber at room temperature for 24 hours to remove the air bubbles prior to rheological measurement.
Fabrication of STF-Twaron
® composites This task aimed to impregnate the Twaron ® fabric with the produced STFs. Due to the high viscosity of the STFs, they were diluted with ethanol at a 3:1 volume ratio between ethanol to STF to reduce the surface tension of the STF, so as to wet the fibres in the fabric properly. The Twaron ® fabric was cut into rectangular specimens of 12cm × 24cm according to the size of the fabric clamp. Each of the fabric specimens was immersed into the ethanol-diluted STF in a container for one minute, then the impregnated fabric together with the container was dried in a hot air oven at a temperature of 75°C to remove ethanol from the fabric. The drying process was carried on until the total weight of the fabric-STF assembly became stabilised. The STF impregnated fabric was removed from the container and the wet fabric was squeezed using a roller to rid the excessive STF from the fabric. The STF impregnated fabric was weighed to ensure a constant STF add-on to the fabric. The weight ratio between the fabric and STF in the samples was optimised to be 50:50 such that the fabric was fully impregnated and the STF was continuous in the fabrics. The prepared specimens were saved in a sealed plastic bag for impact performance tests. The morphologies of the untreated fabric and STF-impregnated fabric were studied by means of scanning electron microscope (HITACHI, S-3000N). SEM images of untreated and impregnated Twaron ® fabrics are shown in Figure 2 . Photographs (a) and (b) in Figure 2 contrast the untreated and STF-impregnated fabric, whereas (c) and (d) compares the fibre tows from the untreated and impregnated fabric panels. These SEM images show that the STF was uniformly distributed in the Twaron ® fabrics after the impregnation process and achieved full impregnation where the STF was continuous in the impregnated fabric panels, which is important and imperative for the STF to work at an impact load.
Experimental measurements
Rheological measurement of STFs
The rheological properties of STFs were measured using a stress-controlled rheometer (TA AR-G2) with a cone-and-plate geometry, which is able to provide shear rates from 0.01s -1 to 1000s -1 . The critical stress value marking shear thickening is affected by the rheometer plate gap interval [27] . In this study, a constant 1mm gap interval between the cone and plate was used for the measurement of all the STF samples with the plate diameter being 50mm, so as to eliminate the effect of the gap size. The measurements took place at the ambient temperature. Different categories of STFs were measured for the relationship between viscosity and shear rate.
Stab testing of fabric panels
The stabbing impact testing was performed on Instron Dynatup 8200 drop weight tester, shown in Figure 3 . To perform a stab test, the impactor, in this case an P1 knife, was mounted to the crosshead, the total mass of which is 5kg. The crosshead dropped freely from a fixed height of 0.46m to impact the target. The velocity of the crosshead at impact was measured using via flags attached to the frame. Impact resistance to the knife impactor was measured through the load cell mounted on the base of the impactor. The stab targets are placed on multi-layer foams and elastomers backing, as specified by the NIJ standard, to provide a damped response similar to armour mounted on a human torso [28] . The specimens were clamped at four edges using a steel frame fixture with fastening bolts. All fabric layers were oriented in the same direction. ® fabric panels and different types of STF impregnated Twaron ® fabric panels were tested with a knife impactor for stabbing resistant performance evaluation based on the following test schemes: (1) untreated and impregnated panels with the same number of fabric layers, (2) untreated and impregnated panels with the same areal density, (3) fabric panels impregnated by STFs with different particle sizes, and (4) panels impregnated by STFs with different weight fraction for a STF with a given particle size. Table 2 lists the specimens prepared for stabbing test. For each test, three target specimens were stabbed in order to obtain the average stab performance. Standard deviations are shown in the form of error bars in Figures 5, 6 and 7. 
Results and Discussions
Rheological property of STFs
Based on the use of PEG200, silica nanoparticles of 12nm and 650nm were used to make STFs with weight fractions of 20%, 25% and 30%. (a) STFs with 650nm particles (b) STF with 12nm particles Figure 4 . Viscosity against shear rate for STFs with different particle weight fraction Figure 4 shows that the STFs made from 650nm and from 12nm silica particles demonstrated obvious viscosity jumps at certain shear rates, the typical shear-thickening phenomenon. In the case of the STF with 30% of 650nm silica particles dispersed into PEG200 as shown in (a), the viscosity after a shear rate of 2s -1 increased from 2.5Pa·s to 1749Pa·s. From both (a) and (b), it is clear that the weight fraction increase of silica particles caused the decrease in critical shear rate, which is the shear rate that triggers the shear thickening, and enhanced the jump of viscosity. The critical shear rate for 650nm STFs was between 2 and 6.5s -1 , and that for 12nm STFs between 8 and 70s -1 . The shear rate, S, created with the stabbing was calculated, using Equation (1), to be about 1500s -1 , and this was sufficient to trigger the shear thickening of the STFs created in this research.
In this equation, v is the impact velocity (3m/s) and d is the thickness of the knife, which is 2mm. Figure 4 also confirms the influence of the nanoparticle size on the shear thickening behaviour. When smaller particles were used, the critical shear rate became higher and the same time the viscosity jump appeared to be smaller compared to the STF made from 650nm particles. In addition, in both cases, the shear-thinning phenomenon was observed, and STFs with smaller particle were noted to have more obvious shear-thinning behaviour.
3.2
Stabbing resistant properties of fabric panels
Introduction
In the stabbing experiment, the impact velocity was set to be 3m/s representing 22.5J impact energy. The corresponding shear rate of the impact was 1500s -1 as mentioned earlier, and this exceeds the critical shear rate required for the onset of shear thickening of the STFs prepared in this research. STF thickening was expected to be triggered by the knife impact.
Stab tests were carried out on untreated and different types of STF impregnated fabrics. As indicated in Table 1 , impact panels were designed on two principles, i.e. the same number of layers and the same areal density. In the same areal density design, 24 layers of untreated Twaron ® fabric panels and 12 layers of STF impregnated Twaron ® fabric panels were found to have the closest areal density.
In order to study the influence of silica nanoparticle size and particle weight fraction on STF impregnated woven fabric panels, two different silica nanoparticle sizes, i.e. 12nm and 650nm, were chosen to produce the STFs. For each particle size, 3 levels of particle weight fraction, i.e. 20%, 25% and 30%, were employed. The fabrics were fully impregnated using these STFs following the procedure described in Section 2.1.3.
Influence of STF impregnation
In order to investigate the effectiveness of STF impregnation with Twaron ® fabrics, untreated impregnated panels with the same number of fabric layers were constructed. In parallel to the untreated panel, the 12-layers panels were impregnated with STFs made from 12nm and 650nm silica particles with different weight fractions, as listed in Table 2 . Stabbing test was carried out with these panels, and the panel performance was indicated by the maximum impact load and total energy absorption. Figure 5 compares the stabbing performance of the untreated and impregnated panels with 12 layers of Twaron ® fabric. In this comparison, impregnated panels with the lowest 20% particle weight fraction were used, because of the fact that higher nanoparticle weight fraction in STF leads to better stabbing performance.
It is evident from Figure 5 that the use of STF enhanced the panel performance against stabbing impact regardless of the particle size. Figure 5(a) suggests the maximum load associated to stabbing the STF impregnated panels was almost twice as that of the untreated panel. The increase in maximum load can be attributed to the STF hardening due to the shear introduced through the stabbing impact. The shear thickening of the STF made the impregnated panel more energy absorbent, and this clearly illustrated in Figure 5(b) . The explanation is that the hardening of the STF turned the concentrated impact force created by knife stabbing into a distributed force, causing an extended area of the panel to be involved in absorbing the impact energy. The untreated panel absorbed about a third of the energy that was taken up by the STF impregnated panels, implying an easier penetration of the knife through the panel. Considering the applied impact energy is 22.5J, the untreated panel absorbed 20% of the impact energy. In comparison, the impregnated panels absorbed 64% (650nm STF) and 58% (12nm STF) of the impact energy, and were more likely to block the knife piercing.
(a) Maximum load (b) Total energy absorption Figure 5 Effectiveness of STF impregnation Coupled with the increase of stabbing performance, attention has to be drawn to the fact that the STF impregnated panels became about twice as heavy as the untreated panel, as indicated in Table 2 .
Reduction of fabric layers in panels
The previous analysis and discussions indicated that for the panels with the same fabric layers, the impregnated greatly outperformed the untreated. In this exercise, untreated panel and impregnated panels were designed in such a way that they had the same panel weight. The untreated panel was constructed from 24 fabric layers, whereas the STF impregnated panels were made up of 12 fabric layers with full impregnation. The weight of the panels was about 3850g/m 2 , as depicted in Table 2 . Figure 6 displays the panel performance against stabbing impact, again using STFs of the lowest particle weight fraction for illustration.
It is clear from Figure 6 that for stabbing panels with same areal density, the STF impregnated panels demonstrated superior performance over the untreated panel in terms of both the maximum load and the total energy absorption. This indicates that for stabbing panel design, the use of STF in the panels could lead to reduced fabric layers to achieve the same or even improved performance against stabbing. In this experiment, it was found that the 12-layer impregnated panels demonstrated at least 31% increase in maximum load and at least 26% enhancement in total energy absorption than the 24-layer untreated panel.
(a) Maximum load (b) Total energy absorption Figure 6 Performance of panels with the same areal density 3.2.4 Nanoparticle size in STF versus performance of stabbing panels It was found that STF with larger particle size related to lower critical shear rate and bigger increase in viscosity when triggered by shear loading. Figure 7 shows the performance of impregnated fabric panels with STFs containing 650nm and 12nm silica particles, all of which were composed of 12 layers of Twaron ® fabrics.
(a) Maximum load (b) Total energy absorption Figure 7 Influence of nanoparticle size on panel performance
In terms of both the maximum load and the total energy absorption, 650nm STF led to better performance than the 12nm STF regardless of the nanoparticle weight fraction, and the performance differences between the two types of panels became more notable when the nanoparticle weight fraction was bigger, as clearly indicated in Figure 7 (a) and 7(b). The difference in energy absorption increased by 12%, 14%, and 34%, and that in maximum load increased 0.52%, 4%, and 30%, as the particle weight fraction went from 20%, 25%, to 30%. These results could be attributed to the more significant hardening effect of the 650nm STF at the particle weight fraction of 30% when triggered.
3.2.5 Particle weight fraction on performance of stabbing panels The STF made from 650nm and 12nm silica nanoparticles were created with particle weight fractions of 20%, 25% and 30%. For a given particle size, it was found from earlier discussions that the viscosity increase of the STF became more significant when the particle weight fraction increased in the STF, under a shear loading with shear rate equal to or above the critical shear rate. The impregnated fabric panels with different particle weight fractions were experimented on for their performance against knife impact. Figure 8(a) shows the maximum load and (b) the total energy absorption. For both 12nm and 65nm STFs, the increase in particle weight fraction led to obvious increase in maximum impact load and total energy absorption, as depicted in Figure 8 It can be seen that the 24-layer untreated Twaron ® fabric panel produced a maximum load 360N before the knife starts to stab into the panel. On the other hand, all the STF impregnated Twaron ® fabric panels produced remarkably higher maximum load at the time of panel failure irrespective of the particle size and the particle weight fraction. This is related to the hardening of the STF depicted in the load-displacement curves. Figure 9 also indicated that the deformation depth for the untreated fabric panel is 42mm, and that for the STF impregnated ones are all below 35mm.
It is also found through the experiment that the untreated 24-layer fabric panels were fully penetrated by the knife, whereas only 9 layers were penetrated for the 12-layer panel impregnated with 650nm silica STF with 30% weight fraction. All other STF impregnated panels stopped the knife as well, and the number of layers penetrated fabrics is presented in Table 3 . Note that all these panels have the same areal density. This is a major evidence of improvement of stabbing resistant performance of the STF impregnated fabric panels. 24 24 Improvements in back-face deformation of the STF impregnated panel were also evident in comparison with the untreated fabric panel. The deformation of 24-layer untreated fabric panel formed a cone with a 2.7cm depth, whereas the back-face deformation of the 650nm-30%-STF impregnated 12-layer panel was hardly noticeable. The comparison between the two is illustrated in Figure 10 .
(a) 24-layer of untreated panels (b) 12-layer STF-impregnated panel Figure 10 Back-face deformation comparison
Conclusions
In this research, 6 different types of PEG-silica STFs were prepared, which were used to create 6 different types of STF impregnated stabbing panels with the same areal density, from 12 layers of the same Twaron ® fabric. 2 types of untreated stabbing panels were made; the 24-layer had the same areal density as the STF impregnated panels, and the 12-layer had the same number of fabrics as the impregnated counterpart. Knife stabbing test was carried out on Instron Dynatup 8200 drop weight tester with 22.5J impact energy.
From the STF design and preparation, it was confirmed that increase in nanoparticle weight fraction led to reduced critical shear rate and amplified severity of shear thickening viscosity of STF; and that the use of larger silica nanoparticle in the STF contributed to reduction of the critical shear rate and increase of shear thickening viscosity. It was also found that fully impregnated panels with STFs having larger nanoparticle size and higher weight fraction resulted in better stab resistant performance in terms of maximum load and total energy absorption.
The work demonstrated that for the 12-layer fabric panels, the impregnated absorbed at least 58% of the impact energy, compared to the 20% absorption of the impact energy by the untreated panel. On the basis of the same areal density, the impregnated 12-layer panels outperformed the 24-layer untreated panel. The employment of STF in the panels also significantly reduced the back-face deformation caused by the knife impact. These findings indicate the feasibility of achieving more protective stabbing panels with lower weight and less bulkiness when STF impregnated panels are used against stabbing impact.
